Cytoplasmic male sterility (CMS) is a maternally inherited trait in which plants fail to produce functional pollen and is associated with the expression of a novel open reading frame (orf) gene encoded by the mitochondrial genome. An RT102A CMS line and an RT102C fertility restorer line were obtained by successive backcrossing between Oryza rufipogon W1125 and O. sativa Taichung 65. Using next-generation pyrosequencing, we determined whole-genome sequences of the mitochondria in RT102-CMS cytoplasm. To identify candidates for the CMS-associated gene in RT102 mitochondria, we screened the mitochondrial genome for the presence of specific orf genes that were chimeric or whose products carried predicted transmembrane domains. One of these orf genes, orf352, which showed different transcript sizes depending on whether the restorer of fertility (Rf) gene was present or not, was identified. The orf352 gene was co-transcribed with the ribosomal protein gene rpl5, and the 2.8 kb rpl5-orf352 transcripts were processed into 2.6 kb transcripts with a cleavage at the inside of the orf352 coding region in the presence of the Rf gene. The orf352 gene is an excellent candidate for the CMS-associated gene for RT102-CMS.
Introduction
Plant mitochondrial DNA molecules have characteristic sizes and structures that are different from their animal mitochondrial counterparts. Animal mitochondrial genomes are <20 kb in size and have circular structures, whereas the sizes and structures of plant mitochondrial genomes are large (200-2,400 kb; size is dependent on species) and complex, showing multipartite structures due to the presence of large repetitive sequences (Kubo and Newton 2008) . Active recombinations via such repetitive sequences in plant mitochondrial DNA often cause chimeric open reading frame (orf) genes (Hanson and Bentolila 2004) . Expression of such orf genes is considered to cause cytoplasmic male sterility (CMS), which leads to floral organ abnormalities or pollen maturation failures. As well as the natural occurrence of CMS, CMS can be artificially produced by the interspecific exchange of nuclear and cytoplasmic genomes as a result of successive backcrossing. Such alloplasmic CMS is considered to be caused by incompatibility between a nuclear genome and a maternally inherited mitochondrial genome (Fujii and Toriyama 2008) .
Mitochondrial CMS-associated genes have been reported in many species by studies that have compared mitochondrial genomes and gene expression between cytoplasmic male-sterile and normal cytoplasm (Schnable and Wise 1998, Hanson and Bentolila 2004) . These genes often show chimeric structures, with the mitochondrial genes present in normal mitochondria, and encode proteins with transmembrane domains. Expression or accumulation of protein from the CMS-associated orf genes is occasionally suppressed by a nuclear factor that has been transported into the mitochondria, which results in fertility restoration. A gene for this nuclear factor is called a restorer of fertility (Rf) gene. Many efforts have been made to identify CMS-associated genes and Rf genes because the CMS/Rf system is an agronomically important trait for hybrid seed production and because this system is also an excellent model for understanding the genetic regulation of mitochondrial gene expression by nuclear-encoded factors in plants.
The conventional approach to identify CMS-associated orf genes has mostly relied on Northern blot screening where transcript profiles of CMS and fertility-restored lines are compared and candidate orf genes are identified by their modified expression pattern in the presence of a fertility restorer gene (reviewed in Hanson and Bentolila 2004) . In rice (Oryza sativa L.), a CMS-associated gene has been well characterized in BoroTaichung type CMS (BT-CMS). The mitochondrial genome of BT-CMS contains two duplicated copies of the atp6 gene encoding ATP synthase F 0 subunit 6. It has been reported that a unique sequence (orf79) located downstream from one of the atp6 genes causes male sterility (Iwabuchi et al. 1993 , Akagi et al. 1994 ). The orf79 sequence was found to be a chimeric structure of the 5 0 side of its sequence and showed similarity to cox1 encoding Cyt c oxidase subunit I (Akagi et al. 1994) . The orf79 gene encodes a predicted transmembrane protein, ORF79, which has been demonstrated to be a cytotoxic peptide that has accumulated in the BT-CMS line. Its production is suppressed by RF1 (Kazama et al. 2008 , Wang et al. 2006 ). The orf79 gene was first identified by the distinct transcriptional pattern of atp6 in the presence or absence of Rf1. The atp6-orf79 region was transcribed as 2.0 kb transcripts consisting of the atp6 and the orf79 sequences, whereas two discontinuous transcripts of 1.5 kb (atp6) and 0.45 kb (orf79) were generated from the 2.0 kb transcripts by RNA processing in the presence of Rf1. The Rf1 gene has been shown to encode a pentatricopeptide repeat (PPR)-containing protein involved in RNA processing (Kazama and Toriyama 2003 , Akagi et al. 2004 , Komori et al. 2004 , Wang et al. 2006 ). Furthermore, a sequence variant of orf79 has been identified in Hong-Lian type CMS and was named orfH79 (Yi et al. 2002) . The atp6-orfH79 transcripts have been shown to be cleaved in the presence of Rf5, which encodes a PPR protein that is identical to RF1A (Hu et al. 2012 ).
An RT102A CMS line and an RT102C fertility restorer line were obtained from a successive backcross between Oryza rufipogon accession W1125 and O. sativa Taichung 65 (Motomura et al. 2003) . In this CMS line, fertility has been restored by a combination between the male-sterile cytoplasm [RT102 cytoplasm (RT102)] and a nuclear-encoded fertility restorer gene, named Rf102 in this study. An RT102C line [(RT102) Rf102/ Rf102] produced normal fertile pollen, while the pollen grains of an RT102A line [(RT102) rf102/rf102] were completely sterile (Motomura et al. 2003) . The molecular structure of the fertility restorer gene (Rf102) and the CMS-associated gene for this RT102-CMS/Rf system have not yet been reported.
To identify candidates for the CMS-associated gene in RT102 mitochondria, we used next-generation sequencing, which has recently been employed by Fujii et al. (2010) , Bentolila and Stefanov (2012) and Igarashi et al. (2013) to identify candidate orf genes in a Chinese wild rice type CMS (CW-CMS), a wild-abortive type CMS (WA-CMS) and an RT98-type CMS derived from O. rufipogon accession W1109, respectively. After sequencing the entire mitochondrial genome of RT102C, we screened for the presence of specific orf genes that were chimeric and whose products carried predicted transmembrane domains. Transcriptional analysis was also performed in order to identify orf genes which showed different transcript sizes between RT102A and RT102C.
Results
Pollen phenotype of RT102A and RT102C An RT102A CMS line had two types of pollen grains: a type that was shrunken and unstained with iodine-potassium iodide (I 2 KI) and a type that was spherical and darkly stained (Supplementary Fig. S1 ), as previously reported (Motomura et al. 2003) . The unstainable shrunken pollen phenotype of RT102A was similar to that of WA-CMS (Li et al. 2007 ). Some anthers contained predominantly shrunken and unstained grains, whereas others had both types. The ratio of darkly stained pollen grains/total pollen grains was 17.1 ± 0.8% (mean ± SD). Both types of pollen grains did not germinate on the stigma ( Supplementary Fig. S1 ), resulting in no seed set. In contrast, almost all the pollen grains of a restorer line, RT102C, were spherical, darkly stained with I 2 KI and germinated on the stigma in the same manner as those from a maintainer line, Taichung 65 ( Supplementary Fig. S1 ).
Sequence assembly and the search for orf genes Pyrosequencing was conducted using the GS-FLX system with 8 kb paired-end adaptors. The RT102 mitochondrial genome was assembled to a 502,250 bp single circular sequence when a master circle was hypothesized ( Fig. 1; Supplementary  Fig. S2 ). The RT102 mitochondrial genome was then screened for the presence of specific orf genes that encoded >70 amino acids and were not present in the mitochondrial genome of a rice standard cultivar Nipponbare (Notsu et al. 2002) . This screening identified 27 novel orf genes (Supplementary Table S1 ). The results showed that many specific orf genes were clustered in a particular region (i.e. contig00035 in Supplementary Table S1 ).
There was then an investigation into whether they were chimeric to known mitochondrial genes and whether their products carried predicted transmembrane domains. Unique structures fused to Nipponbare mitochondrial genes were observed in orf352 and orf133 (Supplementary Table S1 ). The names of the orf genes were given based on the number of amino acids that they encoded. The nucleotide sequence of orf352 was partially identical to that of the Nipponbare orf288 encoding an uncharacterized protein (Uniprot accession No. Q8HCQ2), and orf133 was partially identical to Nipponbare orf165 encoding an uncharacterized protein (Uniprot accession No. Q35961). A gene completely identical to Nipponbare orf288 or orf165 was not found in the RT102 mitochondrial genome. Transmembrane domains were predicted in ORF352, ORF117, Table S1 ). An orf showing both features was restricted to orf352. Three transmembrane domains were predicted for ORF352 (Fig. 2 ).
ORF114, ORF110 and ORF98 (Supplementary

Transcriptional analysis of CMS-associated candidate orf genes
It was predicted that CMS-associated orf genes would show different expression patterns in the presence or absence of an Rf gene. Northern blot analysis was performed on the callus mitochondrial RNA in RT102A [(RT102) rf102/rf102] and RT102C [(RT102) Rf102/Rf102] using probes made from the above-mentioned orf genes as possible candidates for the CMS-associated genes: orf352, orf133, orf117, orf114, orf110 and orf98. The orf352 probe yielded a different size of band patterns between RT102A and RT102C: a single intense band at 2.8 kb in RT102A, and a band with a faint signal at 2.8 kb and a new band at 2.6 kb in RT102C (Fig. 3) . In contrast, distinct band patterns between RT102A and RT102C were not observed when probed with orf133, orf117, orf114, orf110 and orf98 (Fig. 3) . We also carried out Northern blot analysis using probes for atp1, atp6, cox3, orfB (now known to be atp8; e.g. Heazlewood et al. 2003) , orf165 and orf284, because previous investigations using Southern blot analysis of genomic DNA demonstrated that these probes yielded highly polymorphic bands between RT102A and a japonica cultivar, Taichung 65 (unpublished results). None of these probes yielded distinct band patterns between RT102A and RT102C ( Supplementary  Fig. S3 ).
Genomic structure and transcripts of orf352
A detailed chimeric structure for the orf352 gene is shown in Fig. 4A . The orf352 sequence included a partial 5 0 side of the Nipponbare orf284 sequence (100% nucleotide identity over 286 bp), a sequence of unknown origin, a sequence homologous to the middle part of the Nipponbare orf224 (78% nucleotide identity over 68 bp) and a partial 3 0 side of the orf288 sequence (97% identity over 557 bp). A nucleotide sequence of cDNA obtained by reverse transcription-PCR (RT-PCR) using orf352_F and orf352_R1 primers was identical to the genomic sequence, which confirmed that no RNA editing occurred in the orf352 transcripts.
The signal size of the 2.8 kb of the orf352 transcripts in RT102A was larger than the size predicted from the orf352 coding region (1,059 bp). The sequence data revealed that orf352 was located between rpl5 encoding ribosomal protein large subunit 5 and rps3 encoding ribosomal protein small subunit 3 in the same direction (Fig. 4A) . The orf352 gene was located 943 bp downstream of rpl5. Exon 1 and exon 2 of rps3 (rps3_ex1 and rps3_ex2) were located 525 and 2,446 bp, respectively, downstream of orf352 (Fig. 4A) .
In order to investigate the possibility of co-transcription of orf352, RT-PCR was performed using the callus mitochondrial RNA and the anther total cellular RNA. A primer pair designed to detect the rpl5-orf352 region (rpl5_F and orf352_R1) yielded an amplified cDNA signal intensely in RT102A and a weak signal in RT102C (Fig. 4B) . In contrast, a primer pair designed to detect the orf352 and rps3 region (orf352_F and rps3_ex2_R) did not give a cDNA signal in RT102A or RT102C (Fig. 4B) . Amplification of the genomic DNA for RT102C was confirmed for both primer pairs (Fig. 4B) . The rice rps3 gene is composed of two exons, which are separated by a 1,847 bp intron. Amplification of a 1.6 kb cDNA and a 3.5 kb genomic fragment using rps3 primers at exon 1 and exon 2 (rps3_ex1_F and rps3_ex2_R) confirmed that our RNA samples were free from DNA contamination. These results indicated that orf352 was co-transcribed with rpl5, but not with rps3. It is noteworthy that the signal intensity of the amplified 2.6 kb cDNA using rpl5_F and orf352_R1 was weaker in RT102C than in RT102A in the anther total cellular RNA as well as in the callus mitochondrial RNA. This result indicated that co-transcripts covering the entire rpl5 and orf352 region were decreased in the presence of the fertility restorer gene.
The RNA gel blots were further probed with orf352 probe_1, which covered the 5 0 side of orf352, as well as with orf352 probe_2, which covered the 3 0 side of orf352 (Fig. 4C) . The orf352 probe_1 and probe_2 detected an intense band at 2.8 kb in RT102A, but a faint band at 2.8 kb and a rather intense band at 2.6 kb in RT102C (Fig. 4C) . These bands were not detected in Taichung 65. The probe_1 also detected a 3.0 kb band in RT102A, RT102C and Taichung 65, which was considered to represent transcripts of orf284, because intact orf284 was present in the RT102 mitochondrial genome ( Fig. 1 ; Supplementary Fig. S3 ). An rpl5 probe detected a strong 2.8 kb signal in RT102A, and a faint 2.8 kb and rather intense 2.6 kb signal in RT102C, in the same manner as was observed using the orf352 probes (Fig. 4C) . These results of RT-PCR and Northern blot analysis indicate that orf352 is co-transcribed with rpl5 as 2.8 kb transcripts in RT102A, while most of them were processed to 2.6 kb transcripts in RT102C.
To reveal an accurate processing site of the rpl5-orf352 transcripts, we determined the 5 0 -and 3 0 -terminal sites of the transcripts by the method of circularized RNA-reverse transcription-PCR (CR-RT-PCR), using the callus mitochondrial RNA. The size of a major band of CR-RT-PCR products in RT102C was 0.2 kb smaller than that in RT102A (Fig. 5) . Its size difference was consistent with that of transcripts observed in the Northern blot analysis (Fig. 4C) . The details of the sequence analysis are shown in Supplementary Table S2 . The 5 0 -terminal site was found 85 bp upstream of the initiation codon of rpl5 in both the RT102A and RT102C lines. The 3 0 -terminal site was found 149 bp downstream of the stop codon of orf352 in RT102A, whereas that of RT102C was found 19-69 bp upstream of the stop codon in RT102C (Fig. 5) . These results indicate that the 2.8 kb rpl5-orf352 dicistronic transcripts are cleaved to 2.6 kb transcripts within the coding region of orf352 in the RT102C line.
Discussion
The orf79 gene was a well-characterized CMS-associated gene in BT-CMS. It was found by the study of extensive Northern blot analysis using known mitochondrial genes as probes. Whole mitochondrial genomic sequences have not yet been determined for BT-CMS. Using the next-generation sequencing method, whole mitochondrial genomic sequences have been recently reported for LD-CMS, CW-CMS, WA-CMS and RT98-CMS (Fujii et al. 2010 , Bentolila and Stefanov 2012 , Igarashi et al. 2013 . To uncover the CMS-associated mitochondrial genes, they searched for new orf genes absent in a reported mitochondrial genome of O. sativa Nipponbare (Notsu et al. 2002) .
Candidates were selected for the CMS-associated genes based on the criteria in which they were chimeric in structure or encoded a peptide with transmembrane domains. Fujii et al. (2010) found that CW-orf307 was the candidate gene most likely to be responsible for CW-CMS. However, there were no differences in the transcript patterns between CW-CMS and its restorer line. Bentolila and Stefanov (2012) reported that a new chimeric orf, orf126, could be a candidate for the WA-CMScausing gene. However, a comparison of expression profiles between a CMS line and a fertility-restored line has not been reported. Igarashi et al. (2013) have reported that orf113 is a CMS-associated candidate gene in RT98-CMS derived from O. rufipogon accession W1109. The orf113 gene was shown to be co-transcribed with atp4 and cox3 encoding ATP synthase F 0 subunit 4 and Cyt oxidase subunit 3, respectively, and their transcripts were distinctly processed in the presence of a fertility restorer gene. The orf307 of CW-CMS, the orf113 of RT98-CMS, the orf79 of BT-CMS or their sequence variants were not found in the RT102 mitochondrial genome. The orf352 gene found in RT102 mitochondria fulfilled a set of features commonly reported for known CMS-associated orf genes. The orf352 gene is not found in normal rice mitochondria and is chimeric in structure, consisting of mitochondrial genes, orf284 and orf288, and encodes products that carry three predicted transmembrane domains (Figs. 2, 4A) . Northern blot and PCR analysis in RT102A and RT102C demonstrated that orf352 was co-transcribed with rpl5 as 2.8 kb transcripts and was cleaved inside of the orf352 coding region in the presence of the Rf gene (Fig. 4) , which suggested that orf352 is an excellent candidate for the RT102-CMS-associated gene.
During preparation of this manuscript, a sequence variant of orf352, named WA352, was reported as a causal gene for WA-CMS (Luo et al. 2013) . The nucleotide sequence of WA352 showed 99.5% identity (five nucleotide differences) to that of RT102_orf352, which caused four amino acid substitutions ( Supplementary Fig. S4 ). Another sequence variant of orf352, named orf126, was once reported as a candidate gene for WA-CMS by Bentolia and Stefanov (2012) , but this sequence might contain sequencing errors and was likely to be identical to WA352 (Luo et al. 2013 ). An upstream region of RT102_ orf352 was identical to that of WA-CMS, but a downstream region was quite different (Fig. 6) . The nucleotide sequence of RT102 covering a 6,785 bp rpl5 upstream region, a 567 bp rpl5 coding region and a 943 bp intergenic region was completely identical to that of WA mitochondria (position 331,949-340,243 in WA mitochondria; GenBank accession No. JF281154; Bentolila and Stefanov 2012) . In WA mitochondria, however, rearrangement was observed in the region 63 bp downstream of orf352. A region carrying rps3 in the RT102 line was replaced by a part of the NADH dehydrogenase gene (exon 4 and exon 5 of nad5) in WA mitochondria (Fig. 6) . In WA-CMS, it has been reported that WA352 is co-transcribed with rpl5, and the size of the rpl5-WA352 transcripts is 4,552 bp, which is distinct from the size of RT102_orf352-carrying transcripts in our study. Thus, the structure and transcripts of the rpl5-orf352 region are similar but not identical between RT102 and WA mitochondria.
The unstainable shrunken pollen phenotype of RT102A ( Supplementary Fig. S1 ) is similar to that of WA-CMS (Li et al. 2007 . Luo et al. 2013 ), which suggests that there might be a common mechanism for the occurrence of CMS. According to the reports of Luo et al. (2013) , the WA352-encoded protein interacts with the nuclear-encoded mitochondrial protein, Cyt oxidase subunit 11, to inhibit peroxide metabolism, leading to reactive oxygen species burst and Cyt c release, which causes premature tapetal programmed cell death and consequent male sterility. A mechanism for the RT102 CMS system might be similar to that of the WA-CMS proposed by Luo et al. (2013) .
A fertility restorer gene for WA-CMS, Rf4, has been reported to be effective in decreasing the amounts of the rpl5-WA352 transcripts (Luo et al. 2013 ). However, no cleavage action has been reported so far in the fertility restoration system in WA-CMS. Our current study of the RT102-CMS/Rf102 system suggests, being distinct from the function of Rf4, that the function of Rf102 would be in promoting the cleavage of the rpl5-orf352 transcripts. The results of this study suggested that Rf102 might encode an RNA-binding protein such as a PPR protein, since PPR proteins have been reported to be responsible for RNA processing in mitochondria and plastids (Schmitz-Linneweber and Small 2008) . Efforts are now in progress to identify Rf102 in order to investigate an interaction between RF102 protein and the orf352 transcripts. 
Materials and Methods
Plant materials
RT102C carries the male-sterile cytoplasm derived from O. rufipogon Griff. accession No. W1125 (National Institute of Genetics, Mishima, Japan) and a nuclear background from O. sativa L. cv. Taichung 65, which contains Rf102 derived from W1125 (Motomura et al 2003) . RT102A is an isogenic CMS line lacking Rf102. Spikelets a day before anthesis were harvested and pollen grains were stained with a 1% (w/v) I 2 KI solution to observe starch accumulation. Pollen germination on the stigmas was observed using aniline blue staining by the previously described method (Fujii and Toriyama 2005) Mitochondrial DNA extraction Rice calli were induced in a solid N6CI medium containing 2 mg l À1 2,4-dichlorophenoxyacetic acid, 300 mg l À1 casein acid hydrolysate and 10 mM proline from mature seeds (Yokoi et al. 1997) . They were cultured in a growth chamber under light (55 mmol m À2 s À1 ) at 30 C. The secondary calli were transferred onto fresh medium every 2 weeks, and 4-day-old cultured calli were subjected to mitochondrial isolation. The isolation of mitochondria followed the description of Zeltz et al. (1996) . Mitochondrial DNA was extracted using a DNeasy Plant Mini Kit (Qiagen). The resulting RT102C mitochondrial DNA (30 mg) was used for pyrosequencing analysis.
Sequence assembly
Pyrosequencing was undertaken using a GS-FLX system with 8 kb paired-end adaptors (Roche) at TAKARA BIO INC. This study obtained 12,275,213 bases and the sequences were assembled into 465 contigs and twelve 34,071 base long scaffolds, using GS De Novo Assembler version 2.3. After eliminating nuclear genomic contamination, we adapted a reference sequence-based assembly using the Nipponbare mitochondrial genome (DDBJ accession No. BA000029; Notsu et al. 2002) as a reference genome, as described by Bentolila and Stefanov (2012) . Then the contigs were manually assembled, based on the scaffolds and the presence of bridging contigs, and were validated by PCR analysis as described by Fujii et al. (2010) . The gaps between dead-end contigs (four gaps) were filled by direct sequences from the PCR products using the CEQ8000 Genetic analysis system (Beckman Coulter). The PCR primers used for the confirmation of contig linkages are listed in Supplementary Table S3 and the results of the PCR amplification [30 cycles of standard PCR using Ex-Taq polymerase (TAKARA BIO INC.) and the leaf-derived total genome as a template] are presented in Supplementary Fig. S5 . All the contiguous contigs, together with each depth, are listed in Supplementary Table S4 . A hypothetical master circle was developed using a 'parsimonious' method, so that each contig appeared at least once to construct the smallest genome. Other configurations can be considered by rearranging the identical contigs with the high depth contigs (e.g. with contig No. 352, No. 345 and No. 426 in Supplementary Table S4) . A graphical genome map was generated using OGDraw software (http:// ogdraw.mpimp-golm.mpg.de/; Lohse et al. 2007 ).
orf genes specific to RT102C orf genes were identified using Artemis software (Rutherford et al. 2000) which allows the use of a threshold to identify orf genes, as was used in the analysis of the WA-CMS mitochondrial genome (Bentolila and Stefanov 2012) . This study set 70 amino acids as a threshold because the shortest mitochondrial peptide causing CMS in rice is orf79, which has 79 amino acids. Common orf genes showing >99% identity to those in Nipponbare were identified using Sequencher software (Gene Codes Corporation) and they were discarded. The TMHMM server v.2.0 (http://www.cbs.dtu.dk/services/TMHMM/; Krogh et al. 2001 ) was used to predict transmembrane helices in proteins encoded by orf genes.
Northern blot analysis
The probes for Northern blot analysis were synthesized using the forward and reverse primers listed in Supplementary Table  S5 . Mitochondrial RNA was isolated from seed-derived calli, as described by Kazama et al. (2008) . A 3 mg aliquot of each type of RNA was subjected to Northern blot analysis as previously described (Kazama et al. 2008 ).
RT-PCR
Mitochondria were isolated from calli as described by Zeltz et al. (1996) and the mitochondrial RNA was extracted using RNAiso-Plus (TAKARA BIO INC.). Total cellular RNA was isolated using RNAiso plus from anthers a day before anthesis. 6 Comparison of genomic structures around RT102_orf352 and WA352. ex1, exon 1; ex2, exon2; nad5, gene for NADH dehydrogenase subunit 5; rpl5, gene for ribosomal protein large subunit 5; rps3, gene for ribosomal protein small subunit 3.
After treatment of 5 mg of RNA with DNase I (TAKARA BIO INC.), a 100 ng aliquot of callus mitochondrial RNA or a 500 ng aliquot of anther total RNA was reverse transcribed with Rever Tra Ace (TOYOBO) using random primers (TAKARA BIO INC.) to obtain 20 ml of cDNA solution. For RT-PCR analysis, 1 ml of the cDNA solution was used as a template in a 10 ml PCR mixture using the primers listed in Supplementary Table S5 . Elimination of DNA was confirmed by using rps3_ex1_F and rps3_ex2_R primers (Supplementary Table S5 ), which were designed to amplify 1.6 kbp for cDNA and 3.5 kbp for the genome. PCR was performed under the following conditions: 94 C for 1 min, followed by 35 cycles of 94 C for 30 s, 57 C for 30 s and 72 C for 2.5 or 3.5 min, and a final 1 min extension at 72 C. Direct sequencing of the RT-PCR product was performed using the CEQ8000 Genetic analysis system (Beckman Coulter).
CR-RT-PCR
CR-RT-PCR (Forner et al. 2007 ) was performed using the primers listed in Supplementary Table S5 . A 100 ng aliquot of callus mitochondrial RNA was circularized with T4 RNA ligase (TAKARA BIO INC.). The circularized RNA was reverse transcribed with a primer rpl5_CR (Supplementary Table S5 ) and Super Script III (Invitrogen). Using 1 ml of cDNA as template in a 20 ml mixture, PCR was performed with primers rpl5_CR and orf352_CR (Supplementary Table S5) , and Ex-Taq polymerase (TAKARA BIO INC.) using the following profiles: 94 C for 1 min, followed by 40 cycles of 94 C for 30 s, 61 C for 30 s and 72 C for 30 s, and a final 1 min extension at 72 C. After gel electrophoresis, PCR products were purified with an Ultra Clean 15 DNA Purification Kit (MO BIO Laboratory). After cloning the PCR products in pGEM-T easy vector (Promega), nucleotide sequences were determined for at least 10 clones by using the CEQ8000 Genetic analysis system (Beckman Coulter).
Supplementary data
Supplementary data are available at PCP online. 
